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Spectral single and stable green exciplex emission was demonstrated from organic light-emitting diodes ͑OLEDs͒ with 4 , 4Ј ,4Љ-tris͓3-methylphenyl͑phenyl͒amino͔ triphenylamine and 4,7-diphenyl-1,10-phenanthroline that function as electron donor ͑D͒ and acceptor ͑A͒, respectively. As 8-hydroxyquinoline aluminum ͑Alq 3 ͒ was attached to the acceptor layer, electroluminescent ͑EL͒ properties of the two exciplex-type OLEDs with D/A-bilayer and D:A mixture layer configurations were markedly improved, i.e., a peak current efficiency of 7.6 cd/ A at 2.38 mA/ cm 2 in three-layer device and a maximum luminance of 6620 cd/ m 2 at 8.7 V in blend layer device were obtained, respectively, without changing the peak position ͑535 nm͒ and the shape of EL spectrum. Discussion is given on the harvest of the pure green exciplex emission and enhancement of luminance which is obtained by inserting Alq 3 layer. © 2008 American Institute of Physics. ͓DOI: 10.1063/1.2841060͔
Two types of electroluminescence ͑EL͒ have been observed from multilayer organic light-emitting diodes ͑OLEDs͒ since the first success of OLED by Tang and Van Slyke.
1 One is EL from single molecule such as tris-͑8-hydroxyquinoline͒ aluminum ͑Alq 3 ͒. This is called monomer emission, hereafter. The other is EL from two molecules in the excited state. When two molecules are the same or different, they give emission called excimer or exciplex emission, respectively. The exciplex is formed at the interface of multilayer OLEDs by charge transfer from electron-donor molecule to electron-acceptor molecule.
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When compared with monomer EL from single molecule, the EL of exciplex is weaker, resulting in poor EL performance in the OLEDs. When OLEDs generate both the monomer and exciplex emissions, the EL spectra change with increasing applied voltage. Therefore, several methods have been used to eliminate exciplex emission in multilayer structure OLEDs to obtain only EL from monomer. [5] [6] [7] However, the exciplex emission is exploited to improve doublefunctional device with both photovoltaic and EL performances, 8, 9 to tune the OLED emission color, 10, 11 and to be a green, yellow, or red emissive component for fabricating white OLED.
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Taking into account such an importance of exciplex emission, it is necessary to make OLEDs which give high EL intensity from exciplex and whose EL spectra never change by changing driving bias voltage. The present study was undertaken to find OLEDs which show high performance of exciplex emission. In this letter, we report high exciplex luminance from multilayer OLED devices where exciplex is formed using 4 , 4Ј ,4Љ-tris͓3-methylphenyl͑phenyl͒amino͔ triphenylamine ͑m-MTDATA͒ as donor and 4,7-diphenyl-1,10-phenanthroline͑bathophenanthroline or Bphen͒ as acceptor.
Three types of OLED devices were fabricated to obtain a single green emission. The first is bilayer device of indium tin oxide ͑ITO͒/m-MTDATA/Bphen/LiF / Al, the second is three-layer device of ITO/m-MTDATA/Bphen/Alq 3 / LiF / Al, and the third is four-layer device of ITO/m-MTDATA/m-MTDATA:Bphen͑1:1͒/Bphen/Alq 3 / LiF / Al. The third device is called blend device, hereafter. In these devices, Alq 3 is used as electron-transporting ͑ET͒ material. The layer thickness of m-MTDATA was fixed to 40 nm in all the devices, while the thickness was changed variously for the other layers.
Chemical materials used in the present study were purchased from chemical companies. All organic layers and LiF were evaporated onto precleaned and plasma-treated ITO glass substrate ͑25 ⍀ / ᮀ͒ in a vacuum at 4 ϫ 10 −4 Pa without breaking vacuum. Thermal deposition rates were ϳ1, 1, and 10 Å / s for organic materials, LiF, and Al, respectively. The emitting area was 6 mm 2 in all devices. Neat films of m-MTDATA and Bphen were evaporated onto quartz substrates for the absorption and photoluminescence ͑PL͒ measurements, while a film of mixture of m-MTDATA and Bphen was fabricated by co-evaporating from separate heating sources. The absorption, PL, and EL spectra and luminance-current-voltage ͑L-I-V͒ curves were measured by the same methods reported previously. 11 The highest occupied molecular orbital ͑HOMO͒ and lowest unoccupied MO ͑LUMO͒ energies were obtained from literatures. [12] [13] [14] All the measurements were performed at room temperature under ambient laboratory conditions. exhibits a green PL band with a peak at 530 nm, which is similar to the EL band of the bilayer device. These green emission bands are completely different from emission bands of m-MTDATA and Bphen and redshifted from these PL bands from monomer, indicating that it is caused by exciplex as is confirmed below. Figure 1͑b͒ shows absorption spectra of neat m-MTDATA and Bphen films, and blend film, together with the chemical structures of m-MTDATA and Bphen. No additional band is observed in the spectrum of the blend film, indicating that two molecules have never been covalent to each other in the ground state and coexist independently in the blend film.
We changed the layer thickness of Bphen in the bilayer device. A maximum luminance of 2870 cd/ m 2 and a peak current efficiency of 2.8 cd/ A were obtained in the device with 60 nm thick Bphen layer, as shown in Table I . Figure 2 shows the EL spectra of the bilayer device. The 535 nm exciplex emission is observed and the EL line shape never changes with increasing voltage. The same EL spectra were observed in the three-layer device and also in the blend device. This indicates that the EL emission is caused by the exciplex formed at the interface between the m-MTDATA and Bphen layers, and Alq 3 layer works efficiently as the electron transporting layer because emission from Alq 3 ͑at 520 nm͒ is not observed in the three-layer and blend devices. After the optimal layer thickness is determined as 60 nm for the Bphen layer from the bilayer devices, we measured the L-I-V curves in the three-layer devices with 60 nm thick Bphen layer by changing thickness of Alq 3 layer variously. A peak current efficiency of 7.6 cd/ A at current density of 2.38 mA/ cm 2 and a maximum luminance of 5512 cd/ m 2 at 6.8 V were obtained in the device with 20 nm thick Alq 3 layer, as shown in Table II . An example of L-I-V plot is shown in Fig. 3͑a͒ . As shown in Fig. 3͑b͒ , the blend layer based device behaves with a maximum luminance of 6620 cd/ m 2 at 8.7 V, although its peak current efficiency is a little bit lower ͑4.9 cd/ A at 4.33 mA/ cm 2 ͒ but still markedly higher than the bilayer.
The electron mobility of Bphen is 5 ϫ 10 −4 cm 2 V −1 s −1 , 13 which has the same order as the hole mobility of m-MTDATA ͑10 −4 cm 2 V −1 s −1 ͒, 14 indicating that a good charge balance is maintained in the bilayer device. Only the exciplex emission is observed in EL from the bilayer, three-layer, and blend devices, and EL due to monomer is not observed. The HOMO and LUMO energies were obtained from literatures. [12] [13] [14] The offset between the LUMO levels of m-MTDATA and Bphen is 0.6 eV, while the offset between the HOMO levels is 0.9 eV. Such a high gap not only in LUMO but also in HOMO gives rise to confinement of electrons in the Bphen layer at the interface with m-MTDATA and to confinement of holes in the m-MTDATA layer at the interface with Bphen. These confined electrons and holes have difficulties in overcoming the barrier and entering the m-MTDATA and Bphen layers, respectively. Even if these carriers can enter these layers, fluorescence from each of m-MTDATA and Bphen would be very weak because m-MTDATA and Bphen are well-known as low efficient PL and EL materials. Therefore, the OLEDs with m-MTDATA/Bphen layers generate only EL emission from exciplex which is formed at the interface.
Since ITO forms an approximately Ohmic contact to m-MTDATA layer, 13, 15 holes are easily injected from ITO to m-MTDATA layer. On the other hand, it is difficult to inject electrons from Al cathode into Bphen layer directly because of high barrier of about 1.5 eV in the bilayer device. When Alq 3 layer is inserted between Bphen layer and cathode, electrons are more easily injected to Bphen layer because of stepwise transporting process from cathode to Bphen layer via the LUMO level of Alq 3 layer ͑see Fig. 4͒ . Additionally, more electrons are injected because Alq 3 is known as a good ET material. As a result, excellent EL performance was achieved in the three-layer and blend device. We used other ET materials such as 2-͑4-biphenyl͒-5-͑4-butylphenyl͒-1,3,4-oxadiazole and 1,3,5-tris͑N-phenylbenzimidazol-2-yl͒benzene. These materials, however, did not give high efficiency.
In conclusion, we obtained a single and pure 535 nm green exciplex emission from OLEDs with m-MTDATA and Bphen. The EL performance was improved by inserting an Alq 3 layer with thickness of 20 nm between the Bphen layer and cathode. A peak current efficiency of 7.6 cd/ A at 2.38 mA/ cm 2 and a maximum luminance of 5512 cd/ m 2 at 6.8 V were obtained from the three-layer device, while high luminance of 6620 cd/ m 2 at 8.7 V and a little bit lower of peak current efficiency ͑4.9 cd/ A at 4.33 mA/ cm 2 ͒ were obtained in blend device. The EL peak position and line shape of the green emission were never changed with increasing applied voltage. High EL performance is obtained not only by a carrier balance and easy electron injection but also by the following reason. Both m-MTDATA and Bphen are too efficiently low to emit their monomer EL. Therefore, no competition of the electronic transition occurs between exciplex and monomer, resulting in high efficient exciplex emission. 
